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Matrix effectsa b s t r a c t
We explore under which conditions low-energy ion scattering experiments are capable of obtaining reli-
able quantitative results in surface composition analysis. Additionally, we elaborate on the effective
information depth of this technique considering the effect of different dominant charge exchange mech-
anisms. Based on concrete examples, we also point out possible problems and pitfalls in the evaluation of
experimental data.
 2014 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
Low-energy ion scattering (LEIS) is a widely-used surface ana-
lytical technique, which is well known for its supreme surface sen-
sitivity. With this technique, the structure as well as the elemental
composition of a given sample can be deduced [1,2]. The basic idea
is to bombard the target with ions of a primary energy in the range
of several hundred eV up to 10 keV. Projectiles which have been
backscattered under a large scattering angle h are detected either
by means of electrostatic analyzers (ESA-LEIS) or time-of-ﬂight
systems (TOF-LEIS). When noble gas ions are used as projectiles,
the information depth is often limited to the outermost atomic
layer of a given sample. Quantitative analysis can be performed
with the help of reference standards or based on the individual
backscattering spectra. Contrary to other techniques, the use of ref-
erence standards in LEIS is typically not impeded by matrix effects,
which have just been found for a very limited number of projectile/
target combinations [2–4].
Independent of the evaluation procedure, a profound under-
standing of the occurring charge exchange mechanisms is crucial.
A state-of-the-art description distinguishes between several differ-
ent charge-exchange processes, the most common being Auger-
neutralization (AN) and resonant neutralization/ionization in a
close collision (RN/RI) [5]. Depending on the dominant charge
exchange mechanism, quantitative evaluation may either be
straight-forward or raise difﬁculties. Besides charge exchange, alsouncertainties in the scattering potential may lead to systematic
errors.
The present manuscript intends to fathom the ability of LEIS to
provide precise quantitative information with a certain informa-
tion depth in different physical scenarios. Unless otherwise noted,
we will discuss the case of He projectiles. For the sake of simplicity,
we will focus on single-elemental and binary targets.2. Experiment and evaluation
Experimental results presented in this work were obtained in
the ESA-LEIS setup MiniMobis. In this setup, the incident beam is
directed along the surface normal and backscattered ions with a
scattering angle h = 136 are detected by micro-channel-plates.
The energy of backscattered projectiles is determined by a cylindri-
cal mirror analyzer. Samples were cleaned in repeated sputter–
annealing cycles prior to measurements and surface cleanness
was checked by LEIS. As samples, an evaporated ﬁlm of In as well
as a polycrystalline InAs wafer were employed. Additionally, poly-
crystalline as well as single crystalline Ni and Ta samples were
used. In the case of InAs, prolonged sputtering did not exhibit
any visible inﬂuence on the surface composition, implying no sig-
niﬁcant inﬂuence of preferential sputtering effects.
The yield of ions in a LEIS experiment is given by the following
expression:





 dX  gþi  Pþi ð1Þ
Here N0 denotes the number of primary ions, ci identiﬁes the surface
concentration of species i, dr/dX represents the scattering cross
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ciency and ion fraction. The scattering cross section was evaluated
using the ZBL interatomic potential [6]; unless otherwise noted,
no screening length correction was applied. For the evaluation of
P+ in the case of polycrystalline In and InAs, the surface concentra-
tion (surface areal density) was taken from the most densely packed
surface of the respective crystal geometry (110 for In and 111 for
InAs).Fig. 2. Ratio of scattering cross sections for Ta and O, (dr/dX)Ta/(dr/dX)O as a
function of primary energy for different interatomic potentials (TFM and ZBL).3. Interatomic potentials
Empirical screened Coulomb potentials are heavily used in the
evaluation of LEIS spectra, e.g., when calculating differential scat-
tering cross sections or when using Monte-Carlo (MC) simulations
to account for nuclear stopping and multiple scattering effects [7].
In any case, the potentials are given in the form V(r) = VC(r)U(r/a),
where VC stands for the Coulomb potential and U for the screening
function, which depends on the so-called screening length a. Vari-
ous screening models are widely used, such as the TFM [8] or ZBL
[6] model. Whenever one aims at varying the potential strength
one changes the screening length via a multiplicative correction
factor ca.
One can distinguish between the ability of a potential to repro-
duce backscattering spectra and to adequately describe the scatter-
ing cross section. This point can be illustrated for He projectiles
scattered from Cu atoms. An experimental study in combination
with extensive simulations has shown that TOF-LEIS spectra are
reproduced very well by a TFM potential with a screening correc-
tion of 0.75 [9]. A different investigation found best agreement
between calculated ab-initio binary interatomic potentials and
potentials based on the ZBL model when a screening-length correc-
tion of 0.97 was employed [10]. Fig. 1 displays the corresponding
scattering cross sections for He/Cu, relative to the scattering cross
section obtained for a TFM potential without any screening length
correction. For the sake of completeness, also the scattering poten-
tial for an uncorrected ZBL potential is shown. Scattering cross sec-
tions were calculated for h = 129. Depending on the initial energy,
one can identify discrepancies as large as 30% between the TFM
potential with a correction of 0.75 and the ZBL potential with a cor-
rection of 0.97. If one evaluates experimental spectra without ref-
erence samples, one has to be aware of the possibility of large
uncertainties imposed by the scattering potential.
In case of binary systems, or when reference samples are used,
only the ratio of the scattering potentials enters the evaluation. InFig. 1. Scattering cross section for He scattered from Cu using the TFM and ZBL
screened potentials with different screening length corrections. Values are given
relative to the scattering cross section calculated using a TFM potential with a
screening length correction of 1 [7].this case, the choice of the potential has only a minor inﬂuence, as
illustrated in Fig. 2. Here, the ratio drTa/drO is shown for different
inter-atomic potentials: the TFM potential with a screening length
correction according to O’Connor and Biersack [11] and the TFM
and ZBL potential without any screening length corrections. At
energies above 1 keV, the difference between various inter-atomic
potentials is small (<10%). Therefore, in surface composition anal-
ysis the uncertainty due to the interaction potential can be kept
at an accuracy level below 5% with little effort.4. Charge exchange processes
We want to discuss the general properties of the most common
charge exchange processes relevant for He ions, before we elabo-
rate on their inﬂuence on quantiﬁcation and information depth.
From an experimentalist’s standpoint, the quantity which reveals
information about charge exchange is the ion fraction P+, which –
for a projectile with only two possible charge states – is deﬁned
as P+ = A+/(A0 + A+), where A0 and A+ are the yield of ions and neu-
trals, respectively.
The main aim of surface composition analysis is to relate the ion
signals of the atomic species i present at the surface, Ai+, to its sur-
face concentration, ci, via Ai+ = Sici with Si = (dr/dX)ig+Pi+ being the
element speciﬁc sensitivity factor. This is most easily done, when
the sensitivity factor does not depend on the type and concentra-
tion of other surface atoms; otherwise one would speak of ‘‘matrix
effects’’. A straightforward and comparably easy way to check for
matrix effects is to investigate binary systems [12]. In this type
of system, the relation c1 + c2 = 1 holds. The concentration can be






This equation can be reformulated as follows:
A2 ¼ S2  S2S1 A1 ð3Þ
If we plot the signal of species 1 over the signal of species 2, the
corresponding slope is given by the ratio of the sensitivity factors.
Consequently a constant slope in the plot implies a constant ratio
S2/S1, which is tantamount to constant P+ values, independent of
the concentration of elements 1 and 2. In the ideal case of a binary
alloy, one could expect the behavior as shown in Fig. 3. A thorough
investigation of this case on the basis of Ne+ scattered from CuPd
alloys was conducted in [12].
Fig. 3. Signal of species 1 as a function of the signal of species 2. The illustrated case
relates to a binary system. This ﬁgure is reproduced from Ref. [12].
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the distance-dependent shift of the ionization potential of the pro-
jectile, generally called the level shift. Different mechanisms, such
as image charge effects or chemical interaction with the conduc-
tion band and core levels, lead to a modiﬁcation of the He-1s level
as the projectile approaches the surface [13]. Depending on the
position of the He level with respect to the conduction band, differ-
ent charge exchange processes are active: if the He level is below
the conduction band, Auger-neutralization is possible, if the level
is in resonance with the occupied/unoccupied part of the conduc-
tion band, resonant neutralization/reionization can occur. These
are the most common processes which can be found for any
projectile/target combination. Additionally, for certain targets, dif-
ferent charge exchange mechanisms have to be considered such as
resonant neutralization to excited states [14,15], or quasi-resonant
neutralization (qRN) [16–18].
4.1. Auger-neutralization
Auger-neutralization (AN) is a two-electron process (for a
review, see [19]): an electron from the conduction band is trans-
ferred to the empty ground state of the projectile, the difference
in potential energy is used to excite the target electronic system.
AN is typically described by an AN-rate C, which allows to formu-
late the following rate equation for the ion fraction: dP+ = P+Cdt
[20]. This leads to the following expression for Pi+ where i identiﬁes
the incoming (in) or outgoing (out) part of the trajectory:
Pþi  expðvc=v?;iÞ ð4Þ
Here, vc =
R
Cdz denotes the characteristic velocity, which is a mea-
sure for the efﬁciency of the AN process, and v\,i represents the per-
pendicular velocity dz/dt. Consequently, the resulting ion fraction
can be written as P+ = Pin+Pout+ = exp(vc/v\), where 1/v\ stands
for 1/v\,in + 1/v\,out. Note that typical values for vc are comprised
in the range 8  104 m/s to 2  105 m/s, corresponding to the cases
He–Al and He–Cu, respectively.
4.2. Resonant processes
Here one can distinguish between different kinds of resonant
processes: collision induced processes, resonant processes to
excited states and quasi-resonant processes.
Collision induced processes occur after a strong promotion of
the He-1s level due to the interaction of the ion with the core levels
of the target. This promotion is connected to the projectile comingcloser to a target atom than a certain minimum distance, r0. For
practical reasons, r0 is often translated to a threshold energy Eth
via r0 = rmin(Eth,). To describe this process, it is helpful to divide
the trajectory into three different parts: (1) incoming part, (2) col-
lision and (3) outgoing part [21]. Typically, part (1) and (3) are
determined by AN, collision induced charge exchange takes place
in part (2) and can either result in neutralization of an ion (RN)
or in a reionization of already neutralized projectile (RI). Conse-
quently, one can formulate the following expression for the result-
ing P+:
Pþ ¼ Pþin  ð1 PRNÞ þ ð1 PþinÞPRI
 
Pþout ð5Þ
Here, PRN and PRI are the probabilities for resonant neutralization
and reionization, respectively.
When dealing with low work-function materials, e.g., alkali
metals, or with complex level characteristics of the excited He
states [22,23], electrons may tunnel from the conduction band to
the excited level of the projectile. A detailed investigation on the
effects of lowering the work-function on charge exchange was con-
ducted in [14,24].
4.3. Quasiresonant neutralization
For materials with electronic states nearly resonant to the
unperturbed He-1s level, qRN neutralization processes are possi-
ble. As a rule of thumb, one can expect qRN to occur for materials
with electronic states within 10 eV of the ionization potential. The
presence of qRN can be identiﬁed on the hand of characteristic
oscillations in the ion yield as a function of energy [5,16,17,25].
5. Quantiﬁcation of composition and information depth
Here we consider different dominant neutralization mecha-
nisms and elaborate on their speciﬁc inﬂuence on quantitative
composition analysis – in particular we concentrate on the possi-
bility of matrix effects and on the speciﬁc information depth of LEIS
under the given circumstances.
5.1. Auger-neutralization
For AN, the neutralization probability is mostly governed by the
electronic structure of the target, in particular the conduction
band. Consequently, different effects have to be considered: On
the one hand, processes that lead to a strong modiﬁcation of the
electronic properties of the target may have a large inﬂuence on
the resulting AN rate and thus, induce considerable matrix effects.
On the other hand, the presence of the ion itself leads to strong but
local perturbations of the conduction band, which might be more
signiﬁcant than any chemical effect. Unfortunately, predictions
concerning material combinations which are prone to matrix
effects are not available. For illustrative purposes we present two
speciﬁc experimental studies, where the oxidation of Ni and Cu,
respectively, was investigated.
An investigation of the inﬂuence of oxygen exposure on charge
exchange at Ni surfaces revealed that the chemical state of the oxy-
gen plays an important role: whether oxygen remained at the sur-
face in a physisorbed state or whether Ni-oxide is formed. This
behavior is illustrated in Fig. 4, where the signal of O is shown as
a function of the Ni-signal for different primary energies. The initial
state of the surface corresponds to the maximum Ni signal and the
minimum O signal. From this point, we observe that exposure to
oxygen leads to a linear increase/decrease of the O/Ni signal,
respectively. At a certain point, however, a kink in the slope occurs
and both, the Ni and O yields decrease. This indicates a signiﬁcant
change in the charge exchange behavior, which may be traced back
Fig. 4. Normalized Ion yield for O as a function of Ni yield. Signals were recorded for
different primary energies during exposure of a Ni surface with O [4]. Open symbols
identify the regime of physisorbed oxygen, while full symbols correspond to the
oxide phase.
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vation is due to a change in AN-efﬁciency or due to the presence of
an additional neutralization mechanism. In the case of oxides, one
may have to deal with quasi-resonant neutralization, which is not
accompanied by the characteristic oscillations (see below) due to
the broad sp band of oxides.
An investigation conducted by van den Oetelaar et al. [26], com-
pared the energy dependence of the Cu signal in elemental Cu and
CuO surfaces. As can be seen in Fig. 5, the Cu signal obtained from a
pure Cu surface exhibits the same energy dependence as the signal
measured on a CuO sample, which can be interpreted as an
absence of matrix effects. The surprisingly low value of 0.12 for
the ratio SCuCuO/SCuCu, can be explained considering shielding effects
of the Cu atoms by O. These effects do not necessarily have to be
physical shielding, but may also be a shielding by neutralization.
The comparison shown in Fig. 5 only deals with the ﬁnal oxidized
state and gives no information on any change in the neutralization
behavior for differently bound O species on Cu.
Apart from chemical matrix effects, also physical matrix effects
have been observed in the AN regime. In both, LEIS and grazing
surface scattering, a signiﬁcant difference in the neutralization
probability was observed for different low-index surfaces of the
same material [27–29]. As proposed in [30], this might be tracedFig. 5. Ratio of Cu signals obtained from elemental Cu and CuO surfaces. The signal
ratio does not exhibit any energy dependence indicating the absence of matrix
effects. This ﬁgure is reproduced from Ref. [26].back to different level-shift characteristics for the different sur-
faces. In certain cases, such as the noble metals, the speciﬁc shape
of the distance-dependent level-shift exhibits a large inﬂuence on
AN [31].
For an estimation of the information depth of LEIS in the AN-
regime, we consider a jellium-like metal, with the electron gas
extending half an interlayer distance into the vacuum. This simple
model lets us assume a constant AN-rate and thus a constant neu-
tralization probability along the projectile trajectory. Now we can
deduce a straightforward approximation for the contributions of
different layers: let Ai+ be the ion yield of projectiles being back-
scattered from the ith layer and Atot be the total yield of backscat-
tered projectiles. We introduce Pi+ = Ai+/Atot, which denotes the ion
fraction attributed to projectiles backscattered from the ith layer
(Pi+ = P+). In the single scattering model, with straight trajectories
on the way in and out the relation Pi+ = (P0+)1 + 2i holds, where
i = 0 identiﬁes the outermost atomic layer. After evaluation of the
geometric series, the total ion fraction reads P+ = RPi+ = P0+/
(1  (P0+)2). Based on this model we can make an estimation of
the contribution of different layers to the ion yield. Fig. 6 displays
Pi
+ for the ﬁrst layers assuming different values of P0+. Even in the
case of a very low neutralization probability (P0+ = 0.4), only 20%
of the signal originates from deeper layers. For most targets, how-
ever, P0+  0.1, in the energy regime where AN dominates. Thus, one
can expect only a minimal contribution of deeper layers.
As one can imagine, the employed model is an oversimpliﬁca-
tion of the physical reality. One can expect to observe increased
neutralization rates in the vicinity of target atoms and a compara-
bly low rate in between [32], which effectively reduces the differ-
ence in neutralization probability between the trajectories for ﬁrst
and deeper layers. Nevertheless, the ion yield is still expected to
originate from the ﬁrst atomic layer to very large extent.
5.2. Collision induced resonant processes
The strong level shift, necessary for collision induced resonant
processes, is determined by the interaction of the projectile with
atomic core levels. Consequently, for materials with very low
threshold energies Eth such as Ta or Al, where RN and RI processes
are dominant, the chemical matrix has only little inﬂuence on the
neutralization probability [33]. Despite some initial uncertainties
on the inﬂuence of shielding effects in the case of oxides [34], also
systems like SiO2 and ZnO have shown no detectable matrix effects
[35]. As an example, we present results for He scattered from Ta
while exposing the surface to O. Fig. 7 shows a plot of the O signal
as a function of the Ta signal; both signals were normalized withFig. 6. Ion fraction Pi+ of projectiles as a function of layer i. The plot contains model
calculations for different values of the 0th layer ion fraction P0+.
Fig. 7. O signal plotted as a function of the Ta signal, for He scattered from a Ta
surface under oxygen exposure. A linear relation of the signals points towards the
absence of matrix effects.
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signals can be described perfectly well by Eq. (3), implying a con-
stant relation between the different Si and thus, the absence of
matrix effects.
A detailed analysis of the information depth in the reionization
regime requires knowledge of the probabilities for collision
induced processes. Unfortunately, only few investigations were
concerned with obtaining quantitative data. For instance, Prime-
tzhofer et al. determined PRN and PRI for He scattered from Au
and Cu for primary energies in the range of 1.5–10 keV [36]. These
values can be employed in a detailed analysis of the information
depth in the reionization regime: Fig. 8 depicts the ion fraction
for 8 keV He scattered from the ﬁrst monolayers of Cu, decom-
posed into contributions of ions which have survived AN and RN,
and ions which were neutralized on the way in and experienced
RI in the backscattering collision (see Eq. (5)). As one can see, also
at elevated energies the ion fraction is determined by the topmost
atomic layers.
In the case of Au and Cu, the following properties concerning
the energy dependence of PRN and PRI were observed: above the
threshold energy PRN and PRI increase with increasing energy, until
they reach a certain saturation value. RN seems to be more effec-
tive than RI – independent of the primary energy. Although thereFig. 8. Decomposition of the ion fraction into contributions from projectiles which
survived neutralization and were reionized in a close collision. The information is
given for projectiles scattered from different monolayers. This ﬁgure is reproduced
from Ref. [36].is no experimental proof, it is assumed that RN and RI behave sim-
ilarly for other elements.5.3. Quasi-resonant processes
To illustrate possible complications for quantiﬁcation in the
presence of qRN we present the ion fraction of He scattered from
polycrystalline InAs as a function of inverse initial velocity in
Fig. 9. The P+ values are obtained by evaluation of the respective
binary collision peaks for In and As. If the data are plotted as a
function of the inverse initial velocity, one can easily observe equi-
distant oscillations in the case of In. This indicates that qRN is an
atomic process, with a neutralization probability depending on
the time spent in the vicinity of the atom. However, the fact that
P+ values vary over a factor of 2 between the minima and maxima
in the oscillations complicate any quantiﬁcation efforts. Other
materials, such as Ge, exhibit even larger oscillation amplitudes
[37]. Additionally, several investigations have observed that the
oscillations can signiﬁcantly depend on the chemical environment
of the scattering partner [16,38]. Consequently, by choosing differ-
ent projectiles, e.g., Ne+, one should avoid the qRN processes when-
ever possible in order to quantify a certain material.
Compared to In, Arsenic shows no oscillations but a signiﬁcantly
lower ion fraction. For As, resonant processes in a close collision
should be relevant only at energies above 2 keV [21], which is con-
cordant to a detailed analysis of reionization tails. Consequently, the
efﬁcient neutralizationmight be traced back to quasi-resonant neu-
tralization due to the broad sp band. The large band-width of the sp
band would explain the lack of oscillations [39].
In contrast to collision induced processes, the quasi-resonant
process is a one-way process, i.e., the projectile can undergo neu-
tralization, but not reionization. This behavior can be illustrated
on the basis of an analysis of peak widths as a function of energy.
For materials without any reionization processes, the FWHM fol-
lows the internal resolution of our CMA. In case of reionization,
projectiles which are backscattered from deeper layers can be
reionized in the vicinity of the surface. Due to additional nuclear
and electronic energy loss, these projectiles are detected at lower
energies than projectiles which have undergone just a single back-
scattering collision and consequently lead to an increase in the
FWHM [36]. In the energy range up to 1 keV, In exhibits an almost
identical peak width compared to He scattered from Au, where rei-
onization plays only a minor role (see Fig. 10) [40]. From that we
conclude that reionization processes do not play a role for He scat-
tered from In below 1 keV.Fig. 9. Ion fraction of He scattered from polycrystalline In (open symbols) and InAs
(full symbols). In the case of InAs, data were evaluated for the binary collision peaks
of He/In (squares) and He/As (triangles) respectively. The straight lines correspond
to single-exponential ﬁts of the low-velocity data [7].
Fig. 10. Peak width (FWHM) of He backscattered from In and Au [40]. For energies
below 1 keV, In exhibits the same peak width as Au, indicating the absence of
reionization processes.
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Resonant processes to excited levels have to be considered
whenever one deals with systems with a low work function. As a
model system, one can look at the experiments conducted in
[14], where W and Re surfaces were exposed to Ba. In these exper-
iments Cortenraad et al. observed a signiﬁcant change in the neu-
tralization behavior, with increasing surface coverage. This
behavior was traced back to the onset of resonant neutralization
to excited levels as soon as the work function reached a certain
threshold value. As Cortenraad et al. observed, this behavior does
not depend on the local work function, and thus has to be consid-
ered when dealing with quantiﬁcation of surfaces containing alkali
elements. However, possible ways to obtain quantitative informa-
tion in the presence of this neutralization process have been pro-
posed [24].
Resonant neutralization to excited levels is very efﬁcient, lead-
ing typically to small total ion fractions. Thus, the corresponding
information depth is also expected to be very small and the
obtained signal originates from the topmost atomic layer.
6. Summary and conclusions
We have discussed the ability of LEIS to provide accurate quan-
titative data on the outermost atomic layers for different physical
situations. Minor problems may arise due to uncertainties imposed
by the scattering potential and due to the effects of different charge
exchange processes.
Concerning the scattering potential, one has to be aware that
different empirical potentials may lead to signiﬁcantly different
scattering cross sections. However, whenever the signal can be
compared to a signal from a different sample (reference) or species
(binary system), reliable quantiﬁcation should be possible.
With regard to charge exchange, we have explored several dif-
ferent regimes where different mechanisms are dominant: Auger-
neutralization, collision induced charge exchange, resonant charge
exchange to excited levels and quasi-resonant neutralization. Best
results are expected for charge exchange mechanisms which have
a high neutralization probability (to minimize information depth)
and are determined by the projectile/atom interaction (to mini-
mize matrix effects). Consequently, whenever possible one shouldtry to perform quantiﬁcation in the collision induced charge
exchange regime, since here, both relevant criteria are met to a
high degree.
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